ABSTRACT
INTRODUCTION
Transmission electron microscopes (TEMs) have been extensively utilized for investigation of microstructure of various materials so far. Recently several notable improvements have been introduced in TEMs. One of the improvements is the development of new recording systems, such as the imaging plate system 11,2/ and the slow scan CCD camera /3,4/. These new recording systems have provided researchers with superior properties to the conventional EM films, i.e., high sensitivity, a wide dynamic range and good linearity for the electron intensity. Thus, these recording systems led them to new analysis with electron microscopy, such as quantitative electron microscopy.
In this paper, according to the experimental results obtained by the author and his colleagues, recent progress in quantitative electron microscopy with imaging plates was reviewed. In addition to the analysis of HREM images with residual indices, electron diffraction patterns were successfully analyzed by utilizing an energy filter and a cold stage to remove the background due to the inelastically scattered electrons.
IMAGE ANALYSIS SYSTEM WITH IMAGING PLATES
The data of an imaging plate (FDL-UR-ΙΠ type; 25 μιη/pixel), consist of 3760 χ 3000 pixels with 16384 gray levels and occupy about 22 MB. In order to analyze a huge amount of the digital data obtained with imaging plates, it is efficient to utilize the current computer network systems. Figure 1 schematically shows the constitution of the computer system which was used in this study. Based on the UNIX operating system, we connected the computer terminal (EWS-JU1) in the lab through the computer network system (Super TAINS) with the TEMs and a main frame (ACOS 3900) together with a supercomputer (SX-3R) at Tohoku University. By using the main frame, we are able to handle easily a huge amount of digital data obtained with imaging plates. It is also possible to analyze the digital data obtained from conventional EM films through an image scanner. Since we could store the digital data on the computer terminal with this system, a part of the digital data is currently opened as a database of HREM images though the Internet (http://asma7.iamp.tohoku.ac.jp/EMILIA) 151.
CHARACTERISTICS OF IMAGING PLATES
Here, we discuss characteristics of imaging plates. Figure 2 shows the signal intensity of imaging plates measured at various electron intensities at lOOkV and 200kV under two gain conditions of the imaging plate reader. It is seen that there is good linearity between the incident electron intensity and the output signal. It is also noted that imaging plates have a wide dynamic range of about five orders, although the effective dynamic range under each gain condition is restricted to about four orders 161. Figure 3 shows the signal to noise ratio (S/N) 2 of imaging plates as a function of the (1) Figure 4 shows DQE of imaging plates as a function of the incident electron intensity. For 100 keV electrons, DQE has maximum values of about 70% at 2x10 e/pixel and 20% at 2xl0 2 e/pixel under high gain mode and low gain mode, respectively. For 200 keV electrons, it has maximum values of about 45% (2x10 e/pixel) and 10% (2xl0 2 e/pixel) under high gain mode and low gain mode, respectively. It is also noted that DQE has smaller values at high accelerating voltages 111.
In general, the optimum number of incident electrons for taking high quality images should be determined taking into account both S/N and DQE . Figure 5 shows the comparison of S/N and DQE at 100 kV. In the region above 2 χ 10 e/pixel, S/N still increases until it saturates although DQE already decreases from the maximum value. It is pointed out that TEM images which have larger S/N can be LU σ α obtained when the specimens are observed in the exposure region above the number of incident electrons where DQE has the maximum value. Although it seems that high quality TEM images can be obtained if the electron exposure is set to not less than the number of incident electrons where the S/N saturates, excessive high electron exposure may damage specimens at high accelerating voltages. Therefore, the number of incident electrons at the DQE maximum and that at the S/N saturation may be regarded as the lower limit and the upper limit of electron exposure, respectively. It is considered that the optimum number of incident electrons for radiation-insensitive specimens is in the higher intensity side of this optimum region, while the optimum number of incident electrons for radiation-sensitive specimens is in the lower intensity region, depending on their strength against electron exposure. TEM images obtained under these optimum conditions can be utilized for quantitative analysis as shown below.
UREM ON W 8 Ta 2 0 29
In the analysis of HREM images observed with imaging plates, quantitative comparison between observed intensity and calculated intensity can be carried out by taking into account the experimental parameters such as the crystal thickness and the defocus value. Figure 6 (a) shows an example of HREM images of an oxide W 8 Ta 2 029 observed by a JEM-4000EX electron microscope with an imaging plate. In the image, small dark dots correspond to heavy atom positions projected along the incident electron beam. It is interesting to note that the distribution of dark dots is not regular and it shows two-dimensional partially ordered atomic arrangement caused by Ta addition /8/. In order to investigate the intensity of the HREM image in detail, we selected a small ordered region consisting of simple WO3 block structure near the crystal edge as indicated by a small arrow. In Fig.6(b) , the intensity distribution of a part of the ordered region is shown by a contour map. The inset at the lower left schematically shows the corresponding W0 3 Inset at lower left shows the W0 3 block structure.
Based on a model of the W0 3 block structure, we carried out image simulation and evaluated a residual index RHREM. In order to get a small residual index RHREM, we changed the parameters which depended on the experimental conditions, i.e., crystal thickness, defocus value and chromatic aberration and we obtained RHREM = 0.0401. In order to see the variation of RHREM with the change of the parameters in the calculation, RHREM was plotted as functions of crystal thickness t and defocus value, as shown in Figs.7 (a) and (b) , respectively. It is noted that RHREM is smaller than 0.05 in the crystal thickness range 2-4 slices. In Fig.7 (b) , it is seen that RHREM is smaller than 0.05 in the range 30-46 nm which is close to the Scherzer focus (48.6 nm).
In order to get a smaller residual index, some of noises such as quantum noise on the HREM image should be removed. Since the sample has a periodic structure consisting of W0 6 octahedra in a local area, we averaged the image intensity after displacing the image along the [100] direction by +a and -a, where a is the length of the unit cell on the image. This process may correspond to triple exposures in photographic printing. After this averaging process, RHREM became smaller, and RHREM = 0.0330 was obtained Furthermore, we took into account the inclination of the incident electron beam and finally obtained the smallest value, i.e., RHREM = 0.0304, with the parameter which is indicated in Table 1 . The calculated image with the smallest residual index is inserted in the observed image in Fig.8 .
In this way, quantitative HREM with the small residual index can be carried out and it is possible to determine the experimental parameters quite accurately. Furthermore, based on the experimental parameters determined, structural refinement can be also performed. Actually, in the analysis of Tl 2 Ba 2 CuO y by HREM with imaging plates, deficiency of T1 was quantitatively evaluated 191. Figure 9 shows one of the typical electron diffraction patterns of an Au thin film observed with an imaging plate at the room temperature. Since the thin film consisted of small Au single crystals, the electron diffraction pattern consists of Bragg reflections with concentric circular rings. In order to remove the quantum noise, the electron intensity was averaged along the circumference for each circle. In Fig. 10 , one-dimensional intensity distribution of the electron diffraction patterns from the room temperature to 1073
ELECTRON DIFFRACTION STUDY ON Au
Electron diffraction pattern of an Au thin film at the room temperature. Κ is plotted as a function of the distance in the reciprocal space. It is seen that in addition to the strong intensity of Bragg reflections such as 111 and 220, the background intensity in the electron diffraction patterns was observed accurately due to the wide dynamic range of imaging plates. At higher scattering angles, it is also noted that Bragg reflections observed at higher temperature shift to lower scattering angles due to the lattice expansion. In addition to the reflections from Au, there are some extra peaks as indicated by arrows which are considered to result from the contamination on the crystal surface.
Here we compare the difference of the background intensity at the temperature Τ, IB(T) (T = 473, 673, 873 and 1073 K) and at room temperature, IB(293 K). The difference of the background intensity can be attributed to the change of the thermal diffuse scattering due to the phonon excitatioa Table 2 shows the difference of the background intensity [ΪΒ(Τ) -IB(293 K)] at the distances of 3.5, 5.5 and 6.5 nm" 1 , which is normalized with the difference of the background intensity fIB(473K) -IB(293 K)]. It is seen that the difference of the background intensity increases monotonously with the increase of temperature. It is also noted that there is large background around the transmitted beam and the strong fundamental reflections which may be contributed from the plasmon scattering.
It is interesting to compare the observed values with the theoretical values. The kinematic intensity of thermal diffuse scattering with the Einstein model is given as
where f and the exp term are the scattering factor and the Debye-Waller factor, respectively. Since the
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Debye-Waller factors for various elements were previously reported as a function of temperature /10/, we can evaluate the thermal diffuse scattering intensity at different temperatures. In Table 2 , the difference of the thermal diffuse scattering intensity calculated based on (3) is presented. It is seen that there is good correspondence between the observed values and the calculated ones /11/.
ENERGY FILTERED ELECTRON DIFFRACTION STUDY ON Gao.47Ino.5jAs
As noted above, inelastically scattered electrons due to the plasmon excitation and the phonon excitation contribute strongly to the background of electron diffraction patterns. Thus, in order to get sharp electron diffraction patterns, it is necessary to remove the background Since various types of energy filter systems have been recently developed in electron microscopes /12-14/, they can be used to remove the background contributed mainly from the plasmon excitation For the phonon excitation, a cold stage may be useful to minimize the background of electron diffraction patterns. In the following, electron diffraction patterns of a ΙΠ-V compound Gao.47Ino.53As showing the diffuse scattering due to short-range ordering /15/ were observed with imaging plates using the energy filter (Zeiss-EM912 -Omega) coupled with a cold stage. Figure 11 (a) shows an electron diffraction pattern of GaO.47InO.53As taken with the incident electron beam parallel to the [l ίο] direction. Weak diffuse scattering is observed between the fundamental reflections, although the diffuse scattering is obscure due to the strong background contributed from the thermal diffuse scattering and the plasmon scattering. In order to see the detailed shape and intensity distribution of the diffuse scattering in the electron diffraction pattern, we used an omega-type energy filter and a cold stage. Figure 11 (b) shows an electron diffraction pattern of Gao.47Ino.53As observed at 107K using the energy filter by selecting the scattered electrons with the energy loss -5 eV < ΔΕ < 5 eV. In Fig. 11 (b) , the paired diffuse scattering is sharply observed with lower background. It was found that by decreasing the temperature, background due to the thermal diffuse scattering was decreased homogeneously in a wide area of the electron diffraction pattern, while background around strong beams such as transmitted beam and fundamental reflections was decreased drastically by the energy filtering. Figure 12 shows the detailed intensity profile in a part of Fig.  11 (b). Two asterisks indicated by A and Β in Fig. 12 correspond to the 1/3 1/3 1/3 and 2/3 2/3 2/3 reciprocal lattice points, respectively. The intensity maxima of the diffuse scattering can be accurately traced as indicated by broken curves. It is clearly seen that the broken curves largely deviate from the [ hhh ] direction (A-B ). It is also noted that the peaks of the diffuse scattering largely shift from these one third positions ( points A and B) between the fundamental reflections. The peak positions of the diffuse scattering are evaluated as
(h,k and 1 are all even or odd integers) 
For the diffuse scattering of Alo.48lno.52As /16/, it was reported that the peak positions were represented by eqs. (4) and (5) with δ, =δ2 = -5.1χ10-3 , 63 = -8.5x1ο 2 .
Thus it is interesting to note that the shift direction of the diffuse scattering peak in Gao.47Ino.53As from the one third positions is opposite to that of Alo.48lno.52As and the amount of the shift is much larger than that of Alo.48lno.52As. The characteristic features of the shape and the intensity distribution of the diffuse scattering can be attributed to the arrangement and shape of the small ordered domains which was studied in detail by HREM ΙΠΙ. Thus, it should be pointed out that combination of energy filtered electron diffraction and processing of HREM images is very promising to reveal local structure of short-range ordered structures of advanced materials such as a ΠΙ-V compound semiconductor Gao.47Ino.53As.
CONCLUDING REMARKS
The recent experimental results of digital TEM with imaging plates were reviewed based on the experimental results obtained by the author and his colleagues. It was shown that through quantitative HREM on W 8 Ta 2 029 with the residual index of 0.0304, experimental conditions such as crystal thickness and defocus value were accurately determined In the electron diffiaction study of Au, the change of background intensity contributed by phonon excitation was quantitatively evaluated as a function of temperature. Furthermore, in the analysis of Gao.47Ino.53As, an energy filter and a cold stage were utilized effectively to remove the background of electron diffraction patterns and to evaluate weak diffuse scattering intensity accurately. Thus, it was demonstrated that introduction of new recording systems such as the imaging plate system in TEM is indispensable to carry out quantitative analysis for both
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HREM images and electron diffraction patterns.
